Introduction
In the assembly of molecular materials into the solid state, 15 including the formation of polymorphic solid forms and the use of the techniques of crystal engineering, the hydrogen bond is the most important intermolecular interaction. It is widely present, not only in small molecule chemical systems and complexes, but also in a wider range of materials from inorganic minerals to 20 biologically active macromolecules. Hydrogen bonds largely govern the structure of extended materials in which they are present, contributing to their physical properties and (bio)chemical reactivity. Short, Strong Hydrogen Bonds (SSHBs) are of particular interest because they show some unique physical and 25 chemical properties. They are characterised by a large redshift of the donor-hydrogen stretching frequency until for very strong hydrogen bonds they are replaced by a broad absorption region in the low frequency range (absorption continuum) 1 ,2 and a far downfield shift of the 1 H NMR signal. As the SSHB becomes 30 shorter, the H atom position shifts towards the centre of the hydrogen bond until it is no longer possible to differentiate between H acceptor and donor, accompanied by an increasing degree of covalency in the hydrogen bond, 3, 4 and the electrostatic and covalent hydrogen bond models have been unified in an 35 "Electrostatic-Covalent H-Bond Model" (ECHBM). 5 SSHBs are found when donor and acceptor atoms compete for the H atom, often the situation when the system is on the verge of exhibiting H transfer. SSHBs in the solid state may thus be regarded as model systems for H transfer processes, effectively 40 emulating the transition states of, for example, enzymatic reactions 6 , and mediating conversion between neutral and ionic molecular complexes that can be relevant in the structure and properties of such systems. The SSHB has been used as a design aim in crystal engineering 45 studies of molecular complexes, 7 with clear possibilities in the control of physical properties, 8 and variable temperature diffraction studies on model solid state systems have been used to examine proton transfer in SSHB systems. 9, 10 In its most simple formulation, the strength of a hydrogen bond can be measured by The SSHB of interest here is formed between carboxylic O and pyridyl N atoms by co-crystallisation of isonicotinamide (IN) with oxalic acid (OA) in the ratio 2:1. The original structure of the resulting molecular complex IN2/OA was obtained from a 1:1 ethanol-water solution, crystallising with block or plate shaped 60 morphology (form I, space group C2/c), 11 with a second polymorphic form subsequently obtained from the same solution, crystallising in rod shaped crystals (form II, space group P-1). Xray crystal structures of both polymorphs and a variable temperature neutron diffraction experiment for form I have been complex. However, the effects of deuteration on material structure are not always predictable. There are examples known in molecular systems of a different polymorph being adopted on deuteration; the phenomenon of isotopic polymorphism, 13, 14 Although this is relatively rarely reported, in contrast, the related 30 phenomenon of H/D isotope effects on phase transitions, particularly in inorganic materials, has been well studied by both experimental and theoretical methods and shown to offer profound insights into phase transition mechanism and both structure and dynamics of such systems. These effects can be manifest in both 35 dramatic effects on phase transition temperature 15 and in completely different phase transition sequences between H and D containing materials. 16 More subtle isotope-dependent effects have also been observed in hydrogen-bonded molecular systems. 17 Any observation of H/D isotope effects, both the intrinsic 40 structural influence and the equilibrium H/D isotope effect, 18 should help in determining the "true" potential energy surface for H transfer in this material. Aside from the structural information obtained by diffraction experiments on deuterated polymorphs, the hydron motion in hydrogen bonds would in this case become 45 observable by solid state NMR studies for D atoms.
Experimental
All materials were purchased from Sigma Aldrich and used without further purification. Deuteration in this system was easily achieved by co-crystallising 50 IN and OA from D2O instead of H2O. In addition to the acidic oxalic acid H atoms, the amide H atoms were also almost completely exchanged 19 (demonstrated by the absence of the N-H stretch in the IR spectrum, ESI ‡ ). As for the hydrogenous complexes, IN2-d-OA crystallises in two polymorphic forms, 55 crystals of which could be isolated and their structures determined by X-ray diffraction on a Bruker AXS Apex-II diffractometer at 100 K ( Both forms of IN2-d-OA co-crystallise from the same solution, form I with rod shaped morphology and form II with plate shaped, and both in the space group P-1. Form I is by far the dominant species in the deuterated system, in which only a few crystals of form II could be obtained from the chosen crystallisation 65 conditions. A second crystallisation from a mixture of D2O and EtOD had no effect on this finding. The crystals of form II furthermore dissolve on a timescale of a few days if they are not isolated from the solution. It is thus reasonable to assume that form I is both the energetically and kinetically favoured polymorph referred to here as "supercell" and "small cell", of which the correct structure is determined in the supercell ‡ . As for form I, all positional and displacement parameters have been fully refined, to a resolution of sin/ = 0.78 Å -1 . In the supercell, for the first time in this system, one complete formula unit is independent, while in 85 the small cell, half an IN2-d-OA formula unit is independent with the OA unit lying on an inversion symmetry element, as found in the previous structures.
11,12
Ab-initio computational calculations studies have been carried out in the periodic environment in an analogous way to those 90 previously reported for the non deuterated forms. 12 The ground state energies were determined by means of geometry optimisations in the full periodic environment with the atomic orbital (AO) approach using the CRYSTAL03 code. 22 The starting geometries for the optimisation runs were taken from the X-ray 95 diffraction experiments, in the case of form II from the refinement in the supercell. For both forms crystallographic symmetry was employed. The AO (CRYSTAL) calculations were carried out at the B3PW/6-31g** level of theory. Becke's 3 parameter exchange functional with 20 % Hartree-Fock exchange was combined with 100 Perdew-Wang correlation, yielding the B3PW functional. 23 For the description of the AOs, the Gaussian basis sets of 6-31g** type were used, including polarisation functions on all atoms (p basis function for H, and d for C, N, and O). For the calculation on atoms or molecules in the gas phase this basis set might be considered 105 incomplete, but for solid state calculations it provides a sufficiently complete description of the wave function, because the close packing of AOs makes the use of diffuse functions unnecessary. On the contrary, introducing more diffuse functions can lead to overcompleteness and numerical instability. The shrinking factors 110 of the Monkhorst-Pack reciprocal space sampling mesh were set to 5×3×2 and 4×3×2 for forms I and II, respectively.
Results
Surprisingly none of the deuterated structures proved to be isostructural to any of the hydrogenous forms, exhibiting "doubly"
The two deuterated structures are formulated as: Table 2 ) and are hence borderline cases regarding a classification as strong 25 or moderate, being significantly stronger than the hydrogen bonds in form I. The high quality difference Fourier maps in this case (ESI) are indicative of the presence of partial covalent character in the short hydrogen bonds, as observed for the SSHBs in the hydrogenous structures. 12 The occurrence of the superstructure 30 with the possibility of modelling with incorrect disorder in this polymorphic form of the IN2-d-OA system provides insight into the interpretation of results in other systems potentially showing H atom disorder in short hydrogen bonds.
Hydron Transfer and Polymorphism

35
In the hydrogenous forms, IN2-OA, 11, 12 no formal H transfer is observed. However, the covalent O-H bonds are considerably elongated, as is known to be common for SSHBs, to the extent that the H atom in form II occupies a near central position in the SSHB. It can thus be argued that in form II partial H transfer has taken 
Computational Studies of the Isotopomeric Polymorphic Forms; the Energy Scale for Polymorphism
The previously reported determination of the energies involved in the formation of the polymorphic forms in IN2-OA 12 has been extended to the deuterated forms, IN2-d-OA. The isotopic 65 substitution in this case has no effect on the ground state energy calculations because the electronic configuration is the same for H and D, and the atomic masses do not contribute to the static energetics of optimised structures, in contrast to the situation for molecular dynamics studies. For this reason, the calculated total 70 energies of the sets of isotopomeric polymorphs are directly comparable. The computed parameters for the hydrogen bonds between OA and IN are shown in Table 4 . The experimental hydrogen bond configurations are fairly well reproduced by the AO CRYSTAL calculations. In the absence of accurate neutron H 75 parameters, the computed hydrogen bond geometries can only be compared with the experimental by means of the O···N heteroatom One important parameter that can be extracted from these solidstate computations is that of the energies involved in the formation 10 of various polymorphs, and an assessment of the energy scale for polymorphism in this isotopomeric polymorphic system. 12 The energies involved in the formation of both forms of the hydrogenous IN2-OA complexes and both, isotopomeric, deuterated polymorphic forms of IN2-d-OA reported here are 15 given in Table 5 . The CRYSTAL calculations show the deuterated forms as energetically unfavoured by ~5 kJ mol 1 when compared to the hydrogenous, with the lower energy within the deuterated forms assigned to IN2-d-OA form II. This appears to contradict the experimental observations that the crystals of form II not only 20 precipitate in much lower quantities, but also redissolve after time to leave only crystals of form I. As noted above, the calculated ground state energies of deuterated and non deuterated materials are directly comparable.
The reason the deuterated complexes adopt structures that appear 25 to be less energetically favoured should therefore be attributed to kinetic effects which play an important role during crystallisation processes. It should be noted, however, that the energy differences between the pairs of polymorphs (H forms I & II, D forms I & II) are small (maximum ~3 kJ mol 1 ), and at the level of accuracy that 30 might be expected for such calculations. The energy scale for polymorphism, however, typically estimated to be of order a few kJ mol 1 , is again confirmed, and shown also to be consistent between the pairs of isotopomeric polymorphs discussed here. With respect to the experimental isolation of favoured 35 polymorphic forms, of course, other parameters must be taken into account that will affect the solid form produced in such polymorphic systems including relative solubilities, dissolution and precipitation rates, and other solution state factors affecting the crystallisation process. isotopic substitution has thus not allowed the direct comparison of structure and dynamics across similar hydrogen bond geometries, but the deuterated system is of interest in its own right, and opens up opportunities for investigating the driving forces behind the "structural" H/D isotope effect, i.e. the isotopomeric 15 polymorphism.
40
The occurrence of isotopomeric polymorphism in itself is rarely observed in molecular materials 14 and the formation of more than one isotopomeric polymorph in this case appears to be unprecedented. The IN2-OA/d-OA system should thus be of 20 wider interest, to the crystal structure prediction community for example, as an investigation of kinetic effects would seem to be essential to explain the observed H/D isotope effects. Furthermore, the fact that all four forms in this system show a variable degree of hydron transfer, accompanied in the various cases by a significant 25 change in the nature of the hydrogen bond, also renders this material an ideal model system to study the influence of crystal field effects upon the hydron transfer behaviour. consequently half the volume of the supercell. The intensities of reflections contributing to the supercell (h + l = odd) are on average lower by a factor ~25. In the supercell, for the first time in this system, one complete formula unit is independent. In the small cell, half a formula unit IN2-d-OA is independent with the OA unit lying on an inversion symmetry element as 50 known from the previous structures. Individual datasets have been integrated for the two unit cell settings from the same experiment, with the resolution was set in both cases to sin/ = 0.78 Å -1 . All positional and displacement parameters were fully refined; in the small cell to R1 = 3.99 and 5.12 %, and in the supercell to R1 = 4.62 and 8.60 % for the observed 55
